Innate immune responses are triggered by the activation of pattern-recognition receptors (PRRs). The Arabidopsis PRR FLAGELLIN-SENSING 2 (FLS2) senses bacterial flagellin and initiates immune signaling through association with BAK1. The molecular mechanisms underlying the attenuation of FLS2 activation are largely unknown. We report that flagellin induces recruitment of two closely related U-box E3 ubiquitin ligases, PUB12 and PUB13, to FLS2 receptor complex in Arabidopsis. BAK1 phosphorylates PUB12 and PUB13 and is required for FLS2-PUB12/13 association. PUB12 and PUB13 polyubiquitinate FLS2 and promote flagellin-induced FLS2 degradation, and the pub12 and pub13 mutants displayed elevated immune responses to flagellin treatment. Our study has revealed a unique regulatory circuit of direct ubiquitination and turnover of FLS2 by BAK1-mediated phosphorylation and recruitment of specific E3 ligases for attenuation of immune signaling.
P lants and animals rely on innate immunity to prevent infections by detection of pathogenor microbe-associated molecular patterns (PAMPs/MAMPs) through pattern-recognition receptors (PRRs) (1) (2) (3) (4) . Arabidopsis FLAGELLIN-SENSING 2 (FLS2), a plasma membrane-localized leucine-rich repeat receptor-like kinase (LRR-RLK), is the receptor for bacterial flagellin (5).
Upon flagellin perception, FLS2 associates instantaneously with another LRR-RLK, termed BAK1, which appears to function as a signaling partner of the growth hormone brassinolide receptor BRI1 and multiple PRRs (6) (7) (8) (9) (10) . BIK1, a receptor-like cytoplasmic kinase in the FLS2/BAK1 complex, is rapidly phosphorylated upon flagellin perception (11, 12) . Ligand-induced FLS2 endocytosis has also been suggested to be coupled with the activation of flagellin signaling (13) . Similar to PRR activation, down-regulation of PRR signaling is crucial for preventing excessive or prolonged activation of immune responses that would be detrimental to the hosts. Far less understood is how the innate immune responses are attenuated after the PRR activation.
To identify components in MAMP signaling, we performed a yeast two-hybrid screen using the BAK1 kinase domain as bait. One of the interactors isolated encodes the C terminus of Arabidopsis PUB13 (At3g46510) (figs. S1 and S2A and table S1) (14) . PUB13 is a typical plant U-box (PUB) E3 ubiquitin ligase with a U-box N-terminal domain (UND), a U-box domain, and a C-terminal ARMADILLO (ARM) repeat domain ( fig. S1 ) (15, 16) . To test whether fulllength PUB13 and BAK1 interact in vivo, we performed a co-immunoprecipitation (Co-IP) assay after protoplast transient transfection. FLAG epitope-tagged PUB13 co-immunoprecipitated hemagglutinin (HA) epitope-tagged BAK1 independent of flg22, a 22-amino acid peptide of flagellin (Fig. 1A) . The interaction between FLS2 and PUB13 was barely detectable in the absence of flg22 treatment; however, PUB13 strongly associated with FLS2 upon flg22 stimulation (Fig. 1B) . Deletion analysis indicated that the ARM domain of PUB13 was sufficient to associate with FLS2 ( fig. S2B ). PUB12, the closest homolog of PUB13, but not PUB29, also associated with FLS2 upon flg22 stimulation ( fig. S2C ). The association of FLS2 with PUB13 was further confirmed in transgenic plants expressing FLAGtagged PUB13 under the control of its native promoter ( pPUB13::PUB13-FLAG) by using an antibody to FLS2 (Fig. 1C) .
Because flg22 induces the association of FLS2 with both BAK1 and PUB12/13, we tested whether flg22-induced FLS2-PUB12/13 association required BAK1. flg22-mediated FLS2-PUB13 (Fig. 1D ) or FLS2-PUB12 ( fig. S2D ) association was not detectable in the bak1-4 mutant plants, indicating that flg22-induced FLS2-PUB12/13 complex formation requires BAK1. However, the interaction of BAK1 and PUB12 does not require FLS2 ( fig. S2E ), which is consistent with the observation that BAK1 constitutively interacts with PUB12 and PUB13 in the absence of ligand (Fig. 1A and fig. S2 , A and E). Similar to the instantaneous association of FLS2 and BAK1, FLS2-PUB13 association was detected within 30 s upon flg22 stimulation (Fig. 1E) . Together, the results suggest that BAK1, PUB12, and PUB13 probably exist as a complex that is rapidly recruited to FLS2 receptor upon flg22 stimulation ( fig. S2F ).
BAK1 directly phosphorylated PUB12 and PUB13 ( Fig. 2A) . The phosphorylation depended on the kinase activity of BAK1 because a BAK1 kinase mutant (BAK1Km) was unable to phosphorylate PUB12 or PUB13 (Fig. 2A) . BIK1, an FLS2/BAK1-associated cytosolic kinase, did not phosphorylate PUB12 or PUB13 ( fig. S3A) . However, BIK1 enhanced the ability of BAK1 to phosphorylate PUB13 ( fig. S3A ). Consistent with our published data that BIK1 phosphorylates BAK1 (11) , it is likely that phosphorylation of BAK1 by BIK1 potentiates BAK1's activity to phosphorylate PUB12 and PUB13. To further examine whether flg22 could enhance BAK1-dependent phosphorylation of PUB13, we performed an immunocomplex kinase assay with flg22-treated protoplasts expressing fulllength BAK1. The immunoprecipitated BAK1, but not kinase-inactive BAK1Km, phosphorylated PUB13 (Fig. 2B) . The phosphorylation of PUB13 was further enhanced upon flg22 treatment, depending on its receptor FLS2 (Fig. 2B) . These data suggest that PUB12 and PUB13 are substrates of BAK1, and that flg22 perception stimulates BAK1 phosphorylation of PUB12 and PUB13, which is probably further potentiated by BIK1 ( fig. S3C ). To examine the biological significance of PUB12 and PUB13 phosphorylation, we tested whether phosphorylation is required for the flg22-induced FLS2-PUB12/13 association. We found that the flg22-induced FLS2-PUB13 or FLS2-PUB12 association was blocked by the kinase inhibitor K252a (Fig. 2C and fig. S3B ). These results support the importance of phosphorylation events in FLS2-PUB12/13 association ( fig. S3C ).
An in vitro ubiquitination assay with glutathione S-transferase (GST)-PUB12/13 fusion proteins in the presence of recombinant AtUBA1 (E1), AtUBC8 (E2), adenosine 5´-triphosphate (ATP), and FLAG-tagged ubiquitin (Ub) demonstrates that PUB12 and PUB13 possess autoubiquitination activity as detected with either antibody to FLAG or antibody to GST ( fig. S4A ). Both PUB12 and PUB13 polyubiquitinated the cytosolic domain of FLS2, which was evidenced by detection of a ladder-like smear with highmolecular-weight proteins (Fig. 3A) . Eliminating E1, E2, PUB13, Ub, or ATP from the reaction blocked the ladder formation for FLS2 ( fig.  S4B ). Mutation of the conserved cysteine or tryptophan residue to alanine (C262A or W289A) within the U-box motif of PUB13 abolished its Ub ligase activity on FLS2 (Fig. 3B) (17) . The specificity of FLS2 ubiquitination by PUB12 and PUB13 was further substantiated by the observation that several U-box E3 ubiquitin ligases, including PUB14 and PUB29, did not ubiquitinate FLS2 (fig. S4C ). PUB12 and PUB13 did not ubiquitinate the cytosolic domain of BAK1 or BIK1 ( Fig. 3C) . Thus, PUB12 and PUB13 specifically ubiquitinate the PRR FLS2 but not the signaling components BAK1 or BIK1 ( fig. S5C) .
It has been shown that flg22 induces FLS2 translocation into intracellular vesicles, which is followed by degradation of FLS2 (13) . FLS2 possesses a PEST-like motif in the C terminus, which is required for FLS2 endocytosis. In addition, a potential phosphorylation site, Thr
867
, is essential for FLS2 internalization and signaling (13) . However, neither the T867V nor a PEST mutant P1076A abolished FLS2 ubiquitination by PUB13 or PUB12 ( fig. S5A ), suggesting that FLS2 ubiquitination and internalization are probably uncoupled. It has been reported that the ubiquitination of FLS2 by a bacterial effector AvrPtoB is also independent of its PEST domain (18) . An FLS2 kinase inactive mutant K898M also did not affect FLS2 ubiquitination by PUB13 ( fig. S5B ), indicating that FLS2 kinase activity is not required for its ubiquitination. This is consistent with our data that PUB12 and PUB13 are phosphorylated by BAK1 and that phosphorylation is required for flg22-induced FLS2-PUB12/13 association. Our data also sug- gest that FLS2 ubiquitination is distinct from mammalian receptor tyrosine kinase ( RTK), in which a kinase-defective mutant blocked RTK ubiquitination (19) .
To further demonstrate the biological function of PUB12 and PUB13 in plant innate immunity, we isolated their transferred DNA (T-DNA) insertional mutants. Reverse transcriptase-polymerase chain reaction analysis indicated that pub12-1 (SAIL_35_G10) displayed a slight reduction of transcript, whereas pub12-2 (WiscDsLox497_01) showed a pronounced transcript reduction and so was selected for further analyses ( fig. S6 ). The pub13 mutant (SALK_093164) is a null mutant with undetectable transcript (fig. S6) . We examined the immune responses in wildtype (WT), pub12-2, and pub13 mutants. Flg22-induced FLS2/BAK1 association ( fig. S7A ) and BIK1 phosphorylation ( fig. S7B ) occurred similarly in pub12-2 and pub13 mutants and in WT plants, suggesting that PUB12 and PUB13 are not required for flg22 perception by FLS2. When treated with flg22, pub12-2 and pub13 mutants accumulated two-to threefold more H 2 O 2 production than WT plants (Fig. 4A) . Similarly, the pub12-2 and pub13 mutants showed more callose deposits than WT plants (Fig. 4B and fig. S6C ). The complementation lines of the pub13 mutants transformed with a pPUB13::PUB13-FLAG construct displayed a similar level of H 2 O 2 production ( fig. S8A ) and callose deposition ( fig. S8 , B and C) as the WT plants upon flg22 stimulation. Compared with WT plants, the induction of immune responsive genes WRKY30, AP2 (At3g23230), and FRK1 was further enhanced in the pub12-2 and pub13 mutants upon flg22 treatment (Fig. 4C) . The basal expression level of these genes was comparable in WT and pub12-2 or pub13 mutants, suggesting that pub12-2 and pub13 mutants are not constitutively expressing immunity-related genes. Together, these data indicate that flg22-mediated responses are potentiated in the pub12 and pub13 mutants, and that PUB12 and PUB13 play a negative role in FLS2 signaling.
We performed pathogen infection assays with WT and pub mutants. Neither pub12-2 nor pub13 mutants showed substantially altered disease symptoms or bacterial multiplication after Pseudomonas syringae pv. tomato DC3000 infection as compared with WT plants ( fig. S9A ). To reveal potentially functional redundancy, we generated a pub12/13 double mutant. The pub12/13 mutant did not display any obvious growth defects under normal growth conditions, which is consistent with that pub12-2 and pub13 mutants did not constitutively activate immunity-related genes. Alternatively, additional components might play redundant functions with PUB12 and PUB13 in the control of detrimental effect of constitutively active defense systems. The pub12/13 mutant was more resistant to DC3000 infection than WT plants. Three days after infection, the bacterial population in the pub12/13 mutant was about 10-fold lower than that in WT plants (Fig. 4D ). The disease symptoms were also less severe in the pub12/13 mutant as compared with WT plants 6 days after infection ( fig. S9B) . Similarly, the pub12/13 mutants were also more resistant to P. syringae maculicola ES4326 infection, as measured by bacterial growth and disease symptoms ( Fig. 4D and  fig. S9B ).
Ubiquitination could lead to protein degradation or in some cases modulation of the activity or localization of a protein target. We examined FLS2 protein level in WT and the pub12/13 mutant with an antibody to FLS2. We repeatedly observed an apparent reduction of FLS2 protein level within 30 min after flg22 treatment in WT plants ( Fig. 4E) , which is consistent with the report of ligand-induced FLS2 endocytosis/ degradation (13) . This degradation was diminished by treatment with MG132, an inhibitor of proteasome-mediated degradation (Fig. 4E ), suggesting the involvement of the 26S proteasome in FLS2 degradation. FLS2 protein level was not significantly reduced in the pub12/13 mutant treated with flg22 ( Fig. 4E and fig. S10A ), suggesting the involvement of PUB12 and PUB13 in flg22-mediated FLS2 degradation. Similar to the pub12/13 mutant, the reduced FLS2 level triggered by flg22 was not evident in the bak1-4 mutant ( fig. S10B ). This is consistent with the FLS2-PUB12/13 association being dependent on BAK1 ( Fig. 1D and fig. S2D ). We further developed an in vivo ubiquitination assay with protoplast transient transfection of FLAG-tagged UBQ10. The treatment of flg22 enhanced FLS2 ubiquitination, as detected with an antibody to FLS2 ( fig. S10C ). The flg22-mediated FLS2 Ubiquitination has been implicated in plant innate immunity (20, 21) . Two Avr9/Cf9 rapidly elicited PUB genes are required for programmed cell death and defense in tobacco, tomato, and Arabidopsis (22, 23) . Three closely related Arabidopsis PUBs-PUB22, PUB23, and PUB24-negatively regulate flagellin signaling (24) . Rice SPL11, one of the closest homologs to PUB12 and PUB13, is a negative regulator of plant cell death (25) . Similarly, a rice RING finger E3 ligase XB3 could be phosphorylated by PRR XA21, mediating bacterial resistance (26) . However, the modes of action of these E3 ligases from upstream activators to downstream substrates are largely unknown. Identification of PUB12 and PUB13 as negative regulators of flagellin signaling through direct ubiquitination of FLS2 not only contributes to the general understanding of innate immune signaling but also improves our ability for genetic manipulation of diseaseresistant crop plants without deleterious side effects.
Ubiquitination-mediated Toll-like receptor (TLR) degradation serves as one of the mechanisms to down-regulate TLR signaling (27) . Triad 3A, a RING finger E3 ligase mediating ubiquitination and proteolytic degradation of TLR4 and TLR9, appears to be analogous to PUB12 and PUB13 in Arabidopsis FLS2 signaling (27) . However, the regulation and activation of TLR ubiquitination remain unknown. The mechanism of activating FLS2 ubiquitination is also unique and distinct from RTK signaling ( fig. S11 ). The ubiquitination of RTKs is regulated by ligand-induced RTK phosphorylation (28) . It appears that FLS2 phosphorylation is not required for its ubiquitination ( fig.  S5, A and B) . Instead, phosphorylation appears to be required for flg22-induced FLS2-PUB12/13 association ( Fig. 2C and fig. S3B ). It is plausible that phosphorylation of PUB12 and PUB13 promotes their association with FLS2 in vivo ( fig.  S11 ). Ubiquitination only occurs on FLS2 and not BAK1, a common signaling partner of multiple membrane receptors involved in immunity and development. This suggests a mechanism of how the specificity of the signal output is determined for a shared signaling component. 
Materials and Methods

Plant material and growth conditions
Wild-type (Col-0), fls2, bak1-4, pub12-1, pub12-2 Arabidopsis BAK1, FLS2, and BIK1 constructs were reported previously (11) . PUB12, PUB13, PUB14 and PUB29 genes were amplified by PCR from Col-0 cDNA, and introduced into a plant expression vector with an HA or FLAG epitope-tag at the C terminus. UBQ10 was cloned into a plant expression vector with an FLAG epitope-tag at the N terminus. Based on the cDNA sequences of our PUB12 clones and the expressed sequence tag (EST) database, the C terminus of the protein was apparently mis-annotated in the database of The Arabidopsis Information
Resource (TAIR). Figure S1 shows the correct sequences of PUB12 with 65% identity and 79% similarity with PUB13 at the amino acid level. PUB13 and FLS2 point mutations were generated by a site-directed mutagenesis kit (Stratagene). The primer sequences for different PUBs, PUB13
and FLS2 point mutations and truncations are listed in Supplemental Experimental Procedures.
Full-length PUBs, cytosolic domain or kinase domain of BAK1 and FLS2 were sub-cloned into a modified GST or MBP fusion protein expression vector pGEX4T-1 (Pharmacia) or pMAL-C2
(New England Biolabs) with BamHI/NcoI and StuI digestion. Protoplast transient assay was Co-immunoprecipitation, in vitro phosphorylation and immunocomplex kinase assays.
For transgenic plants, twelve-day-old seedlings or leaves of 4-week-old soil-grown plants carrying the pPUB13::PUB13-FLAG transgene were ground with 1 ml of extraction buffer (10 mM HEPEs, pH7.5, 100 mM NaCl, 1 mM EDTA, 10% Glycerol, 0.5% Triton X-100 and protease inhibitor cocktail from Roche). For protoplasts, samples were lyzed with 0.5 ml of extraction buffer. After vortexing vigorously for 30 sec, the samples were centrifuged at 13,000 rpm for 10 min at 4 C. For the co-IP assay, the supernatant was incubated with an anti-HA or anti-FLAG antibody for 2 hr, and then protein-G-agarose beads for another 2 hr at 4 C with gentle shaking. The immunoprecipitated proteins were analyzed by Western blot with an anti-HA, -FLAG or -FLS2 antibody. The protein bands with appropriate molecular weight are shown.
Expression of the GST and MBP fusion proteins and affinity purification were performed as standard protocol, and in vitro phosphorylation and immunocomplex kinase assays were carried out as described (11) .
In vitro ubiquitination assay
The in vitro ubiquitination assays were performed as described with some modifications (30).
The reactions contain 500 ng of substrate protein, 250 ng of purified His 6 -E1 (AtUBA1), 500 ng of purified His 6 -E2 (AtUBC8), 1.25 g of FLAG tagged ubiquitin (Boston Biochem) and 1 g of purified GST-PUB in the ubiquitination buffer (0.1 M Tris-HCl pH 7.5, 25 mM MgCl 2 , 2.5 mM dithiothreitol, 10 mM ATP) to a final volume of 30 l. The reactions were incubated at 30°C for 2 hr, and then stopped by adding SDS sample buffer and boiled at 100°C for 5 min. The samples were then separated by 7.5% SDS-PAGE and the ubiquitinated substrates were detected by Western blotting analysis. 
Measurement of ROS production
ROS burst was determined by a luminol-based assay as described with modifications (31). Four to five leaves of each five-week-old
Callose deposition
Callose deposition was conducted as described by Wang et al. with modifications (32) . Briefly, two to three leaves of 5-week-old Col-0 and pub mutant plants were infiltrated with 1 µM of flg22, and leaves were excised 6 and 12 hr after infiltration. Control treatments were infiltrated with H 2 O. Excised leaves were immediately cleared in alcoholic lactophenol [95% ethanol: lactophenol (phenol : glycerol : lactic acid : H 2 O=1:1:1:1) = 2:1] for overnight. Samples were subsequently rinsed with 50% ethanol and H 2 O. Cleared leaves were stained with 0.01% aniline blue in 0.15 M phosphate buffer (pH = 9.5) and the callose deposits were visualized under a UV filter using a fluorescence microscope. Callose deposits were counted using ImageJ 1.43U software (http://rsb.info.nih.gov/ij/). The number of deposits was expressed as the mean of three different leaf areas and analyzed using the general linear model of SAS (SAS Institute, Inc., Cary, NC), with mean separations by least significant difference (LSD). At least three independent experiments were conducted with similar results obtained.
Pathogen infection assays
P. syringae tomato DC3000 and P. syringae maculicola ES4326 strains were grown overnight at 28 C in the KB medium with 50 µg/ml rifampicin for DC3000 and 50 µg/ml streptomycin for ES4326. Bacteria were collected, washed and diluted to the desired density with H 2 O. Fourweek-old Arabidopsis leaves were infiltrated with bacteria at a concentration of 5x10 5 cfu/ml using a needleless syringe. To measure bacterial growth, two leaf discs were ground in 100 l H 2 O and serial dilutions were plated on KB medium with appropriated antibiotic. Bacterial colony forming units (cfu) were counted 2 days after incubation at 28 C. Each data point is shown as triplicates (33) .
Primers for construct cloning and point mutations
Primer Name Sequences
Primers for confirming T-DNA insertions in pub knockout pub12-2-LP TAACCACAGCTACCCAAAACG pub12-2-RP TAATTTCCTAATTTGGCCGTG pub13-LP AAGAGGTATGGCTCCAGCTTC pub13-RP ACGTGCTTTGTTTTGCTATGG
Supplemental data
Fig. S1 FLS2 is a pattern-recognition receptor expressed in the plasma membrane of plant cells. Like TLRs, FLS2 has leucinerich repeat domains, but also has a kinase domain. This contrasts with TLRs, where the kinases are separate proteins called interleukin-1 receptor-associated kinases (IRAKs). Another receptor-like kinase, BAK1, associates with FLS2 ( 2), as does a cytoplasmic receptor-like kinase, BIK1, which becomes rapidly phosphorylated when stimulated by the presence of flagellin, the protein that makes up the bacterial fl agellum ( 3) . This is similar to the behavior of the TLRs, which when activated induce rapid phosphorylation of IRAK-1 and IRAK-4 ( 4).
Lu et al. fi rst addressed what other proteins might interact with BAK1 using a technique known as a yeast two-hybrid screen. One interacting protein that they isolated was PUB13, an E3 ubiquitin ligase. It has an Armadillo (ARM) repeat domain, which is also found in sterile-alpha ARM (SARM), a negative regulator of TLR signaling that is highly conserved across species ( 5) . Flagellin strongly enhanced the interaction of PUB13 and FLS2, providing key evidence that the association had a possible role in signaling. PUB12, a close homolog of PUB13, also associated with FLS2. In contrast, a less homologous protein, PUB29, did not, which indicates specifi city in the interaction. They then showed that BAK1 was required for the association and identifi ed a preformed complex of BAK1 with PUB12 and PUB13, which was recruited to FLS2 upon fl agellin treatment. Finally, Lu et al. addressed what the association of these proteins in signaling might mean functionally. They showed that, after fl agellin treatment, BAK1 directly phosphorylated PUB12 and PUB13. BIK1 enhanced this effect, most probably via the direct phosphorylation of BAK1 by BIK1. In addition, they showed that phosphorylation of PUB12 and PUB13 was required for the association between PUB12 and PUB13 and FLS2.
The next step in the pathway was then revealed. Lu et al. showed that PUB12 and PUB13 possessed auto-ubiquitination activity and, more importantly, specifi cally polyubiquitinated FLS2. The parallel with the TLR system is again remarkable. In the case of TLRs, the ubiquitin ligase Triad3a mediates ubiquitination of TLR4 and TLR9 (see the fi gure), leading to their degradation ( 6) . In the TLR system, however, there is further complexity in the downstream ubiquitination process, with Pellino proteins 
LPS
Innate immunity, conserved. Arabidopsis and humans have evolutionarily conserved innate immune signaling processes that involve a posttranslational modifi cation process called ubiquitination. In Arabidopsis, bacterial fl agellin is sensed by FLS2, which recruits the non-arginine/aspartate (Non-RD) kinases BAK1 and BIK1. BAK1 phosphorylates and activates PUB12/13, which ubiquitinates (Ub) FLS2 and leads to degradation. In humans, TLR4 senses lipopolysaccharide (LPS). This can activate Triad3a (third column), which ubiquitinates TLR4 and leads to its degradation. TLR4 can also activate IRAK-1 and IRAK-4 (fourth column), which activates nuclear factor kappa B (not shown), and also Pellino proteins (Pellinos), which ubiquitinate the IRAKs and lead to their degradation. 
PERSPECTIVES
acting as ubiquitin ligases for IRAK-4 and IRAK-1, leading to their activation and subsequent degradation ( 4) . This would appear to be a difference with plants, in which the kinases BAK1 and BIK1 do not undergo ubiquitination.
In something of a tour-de-force, the authors then addressed the functional importance of FLS2 ubiquitination by creating plants with mutated PUB12 and PUB13. Flagellin could still induce FLS2-BAK1 association and BIK1 phosphorylation in these plants, which indicated that sensing of fl agellin was normal. However, there was a notable boost in host defense responses, including induction of hydrogen peroxide and immune-responsive genes such as WRKY30. To create an Arabidopsis infection model, Lu et al. also generated a double mutant lacking PUB12 and PUB13. These plants were 10 times as resistant to infection with Pseudomonas when compared with wild-type plants. Furthermore, in wild-type plants, fl agellin induced the ubiquitination and degradation of FLS2. This did not occur in the mutant plants or in plants with mutant BAK1. The pathway to regulate FLS2 (see the fi gure) is an important negative feedback process, which, if manipulated (e.g., by mutation or deletion of PUB12/13), will boost host defense in Arabidopsis.
The purpose of innate immunity is to sense a displacement from homeostasis and trigger a process to restore the balance. This displacement can be driven by pathogens or tissue injury. In terms of identifying which components are important for this process, 1 billion years of evolutionary conservation (which is one estimate of when plants and animals diverged) is unlikely to be wrong. We can look forward to further insights from different species, including humans, which will aid efforts to develop therapeutic manipulations of innate immune processes. The goal of such manipulation will be to either boost host defense, or limit the damaging effects of these processes when they go awry.
